Study design: A prospective intervention of functional electrical stimulation leg cycle ergometry (FES-LCE) of four women with spinal cord injury (SCI). Objective: To evaluate the effect of FES-LCE training on arterial compliance in individuals with chronic SCI of traumatic origin. Setting: Tertiary rehabilitation center in Canada. Methods: Large and small artery compliance were measured at the radial artery before and after a 3-month training program using FES-LCE. Results: There was no significant change in large artery compliance after FES-LCE (16.0 ± 4.2 to 16.8±6.1 ml mm Hg À1 Â 10, P ¼ NS). There was a marked (63%) increase in small artery compliance after the FES training program (4.2 ± 1.8 to 6.9 ± 3.2 ml mm Hg À1 Â 100, Po0.05). Conclusion: It appears that FES-LCE is effective in improving small artery compliance in females with SCI.
Introduction
With medical advancements in treatment, many persons with spinal cord injury (SCI) now have the potential for a life expectancy approaching normal. 1 As such, they may experience the same chronic conditions as able-bodied persons. 2 Over the past several decades cardiovascular disease (CVD) has become a leading cause of death in the SCI population. 2 The increase in CVD with aging in individuals with SCI reflects that of able-bodied individuals, though at an accelerated rate, higher prevalence, and earlier onset. 3 In recent years, researchers have used pulse wave analysis to show that arterial stiffness is associated with CVD, specifically atherosclerotic burden. 4 Arterial compliance decreases as the severity of atherosclerosis increases. 4 Importantly, changes in the compliance of small and large arteries precede (by years) the presence of plaques characteristic of atherosclerosis. 5 These changes are important early predictors of the risk of CVD and related events. 5, 6 It is well known that a sedentary lifestyle is associated with premature mortality and increased morbidity. 3 This is a significant risk for persons with SCI who, because of loss of motor function, are often extremely sedentary. 3 Indeed, individuals with SCI show an increased prevalence for a number of cardiovascular risk factors associated with reduced vascular health (including decreased arterial compliance). 7 A recent study suggests normotensive individuals with paraplegia exhibit decreased arterial compliance compared to able-bodied controls. 7 Exercise rehabilitation using the upper extremities has clearly been shown to lead to marked health benefits in persons with SCI. 3 Recent evidence also shows lower extremity exercise through functional electrical stimulation leg cycle ergometry (FES-LCE) to be a valuable clinical rehabilitation tool for SCI as it is effective at improving exercise tolerance and measures of cardiovascular health (including aerobic fitness and glucose homeostasis). 3 However, the effect of FES-LCE training on systemic arterial compliance has not been evaluated in persons with SCI.
Accordingly, the purpose of this study was to examine the effects of FES-LCE training on systemic arterial compliance. We hypothesized that FES-LCE would improve systemic arterial compliance in persons with SCI.
Methods

Participants
All study participants (Table 1) had sustained a traumatic SCI and were at least 1-year post-injury. Exclusion included: (1) other neurological conditions in addition to SCI, (2) CVD (for example, cardiac arrhythmia, high blood pressure (systolic blood pressure 4160 mm Hg; diastolic blood pressure 490 mm Hg)), (3) unhealed pressure ulcers or wounds, (4) previous fragility fracture(s) and/or, (5) abnormal bone formation, spasm or contracture in the lower extremity limiting hip or knee range of motion. Eligible participants provided written informed consent. Following consent, participants were also excluded if there was insufficient response to the FES-LCE (stimulation did not move the leg) or the FES-LCE was not tolerable by the participant (for example, pain with the lowest level of stimulation). All applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
FES-LCE
Training was performed using a computer controlled leg cycle ergometer (Ergys2, version H.6, Therapeutic Alliances Inc., OH, USA). The ergometer uses six 2 Â 4 inch selfadhesive surface electrodes (Uni-Patch, Wabasha, MN, USA) to provide electrical stimulation to muscles. Electrodes were placed over the hamstrings (proximal electrode on upper one-third, distal on lower one-third of muscle), gluteals (proximal electrode below iliac crest and distal electrode above ischial tuberosity) and quadriceps (proximal and distal electrodes shifted two-third of quadriceps width laterally and medially from the midline, respectively). Cycling was elicited via the administration of electrical stimulation to muscles in a specific sequence. The sinusoidal wave pulse was 500 ms, 60 Hz synchronized for each electrode pair. The ergometer was programmed to increase stimulation current from 0 to 140 mA to achieve the desired pedaling cadence. Threshold settings, used during warm-up and cooldown, were set to palpable muscle contraction. Maximum stimulation current was set depending on participant's comfort.
Pedaling cadence was defined by a preset upper bound and lower bound. If cadence approached the upper bound, pedaling speed was slowed via a decrease in stimulation current. If stimulation was at its maximum current and cadence dropped below the preset lower bound, the ergometer automatically stopped and entered the cooldown mode.
Exercise protocol
Research indicates that benefits from FES-LCE can be achieved with 30 min of exercise at a cycling cadence above 35 r.p.m. 8 Thus, a habituation period (averaging 16 weeks)
preceded the training phase. During habituation individuals trained to be able to cycle for 30 min against no resistance at a minimum of 35 r.p.m. When able to complete 30 min of continuous cycling for two consecutive sessions, participants commenced the training phase, which included gradually adding resistance. Participants were asked to train three times a week for 12 weeks to complete 36 training sessions.
Training sessions began with a passive 1-minute warm-up where stimulation was pulsed between 50 and 100% of an individually determined preset threshold setting. Following the warm-up, active FES-LCE training commenced. When participants were able to complete one session with at least 90% of the preset pedal resistance for 30 min in two consecutive training sessions, pedal resistance was increased with an increment of 1/8 Kp (corresponding with about 6.1W at 50 r.p.m.; the maximum resistance is 7/8 Kp) in the next training session. When pedaling rate dropped below 45 r.p.m. and the maximum stimulation reached 100% of the preset maximum stimulation level, resistance was automatically reduced to enable a pedaling cadence close to 49 r.p.m.
Following exercise, the FES-LCE entered a 2 min cooldown mode in which the stimulation was pulsed between 50 and 100% of the threshold setting. Including preparation, sessions lasted approximately 60 min. One staff member was involved during each training session.
Arterial compliance measurement
Large and small arterial compliance were assessed noninvasively using an applanation tonometer (Hypertension Diagnostics/Pulse Wave CR-3000; Eagan, MN, USA) that measures 30-s recordings of signal-averaged arterial pulse waves using a surface-residing transducer over the radial pulse of supine participants. The waveform was calibrated by the oscillometric method with a cuff on the left arm. A computer-based assessment of the diastolic pressure decay using a modified Windkessel model of the circulation separates diastole into two components: large artery elasticity index (ml mm Hg À1 Â 10) and small artery elasticity index (ml mm Hg À1 Â 100). 5 Data were obtained after a 10-min rest period. Pre-and post-measures of arterial compliance were obtained 2-7 days after completion of the habituation period and the last exercise session. Measurements were taken in duplicate and averaged. The accuracy of this method of obtaining waveforms has been validated in animal and human studies. 9 Previous research has revealed that small 5 The American Spinal Injury Association (ASIA) score is employed to classify lesion completeness: A, sensory and motor complete; B, sensory incomplete but motor complete; C, sensory and motor incomplete with more than half of key muscles below the neurological level at a muscle grade less than 3.
Effects of FES-LCE training on arterial compliance D Zbogar et al and large artery compliance measures can serve as biomarkers of arterial dysfunction and disease. 10 Reduced small artery compliance has been reported in ageing, hypertension and congestive heart failure. 10 
Statistical analysis
Participant data are reported as means ± s.d. A paired t-test was performed to compare arterial compliance measures before and after the exercise intervention. The a-level was set a priori at Po0.05. The statistical analyses were performed using Statistica 6.0 (Stats Soft; Tulsa, OK, USA).
Results
Thirteen individuals expressed interest in the study. Seven participants did not meet the inclusion/exclusion criteria and one subject could not commit the time. Consequently, six participants completed habituation and were accepted into the study. Of these, two did not complete training due to transportation difficulties and illness. Thus pre-and postdata were collected on four females with SCI. Participants were asked to complete 36 training sessions training three times a week for 12 weeks. Owing to transportation difficulties and illness, individuals underwent this training at an average of 1.9 times per week and completed 29 sessions. Three subjects reported mild autonomic dysreflexia (for example, mild headache or very light sweating) during initial training sessions. When compared with sex-and age-matched values from the able-bodied population, 11 participants exhibited small artery compliance 53% that of normal values, whereas large artery compliance values were within normal limits. With training there was no statistically significant change in large artery compliance (Figure 1 ). The relative change in large artery compliance across the group was 5% (16.0±4.2 to 16.8 ± 6.1 ml mm Hg À1 Â 10, P ¼ NS). All four women demonstrated an increase in small artery compliance following training ( Figure 2 ). This brought small arterial compliance to 88% of normal values 11 and amounts to an average 63% increase in small artery compliance (4.2 ± 1.8 to 6.9±3.2 ml mm Hg À1 Â 100, Po0.05).
Discussion
The high amount of subject attrition and low compliance to training observed in this study is consistent with other research in SCI. 3 The occurrence of mild adverse effects from FES-LCE training highlights the challenge in applying this modality to the clinical setting. It is recommended that individuals be assessed on a case-by-case basis and supervised to minimize potentially adverse effects such as autonomic dysreflexia. It is known that arterial compliance is reduced in individuals with chronic hypertension. 10 However, the potential effects of acute or chronic bouts of autonomic dysreflexia 12 on arterial compliance in individuals with SCI have not been elucidated. If the paroxysmal hypertension that characterizes autonomic dysreflexia causes injury to the endothelium, it may be the genesis of plaque formation and atherosclerosis. As mentioned previously, there is a negative relationship between atherosclerotic burden and arterial compliance. 4 Indeed, the possibility of endothelial and end-organ damage due to chronic unstable blood pressure with ongoing episodes of autonomic dysreflexia has been suggested in previous literature. 13 In the present study, a steep increase in blood pressure in those prone to autonomic dysreflexia during training was avoided via gradual progression. As testing of arterial compliance was scheduled to be at least 2 days following the last training session, the potential for mild dysreflexia experienced during exercise training to affect measurements was minimized.
Our findings indicate that, when compared with age-and gender-matched values from the able-bodied population, 11 all participants exhibited below normal small artery compliance. This trend is in agreement with previous research that shows decreased arterial compliance in persons with paraplegia. 7 In individuals with SCI the extreme inactivity resulting from paralysis and the loss of supraspinal sympathetic vascular control are both cited as potential factors for poor arterial compliance. 
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This investigation revealed for the first time that FES-LCE is effective in improving small artery compliance in women with SCI. This is important because decreased small artery compliance is an independent risk factor for cardiovascular events. 5 In post-puberty, the arteries of females with SCI are more distensible than those of males which would result in higher arterial compliance. 15 However, arterial compliance is also positively correlated with height and therefore tends to be higher in males with SCI. 15 Previous research reveals that males with SCI have poor arterial compliance. 7 This investigation shows that the same holds true for females with SCI. There are several plausible mechanisms through which the improvements in small artery compliance in response to FES-LCE training may have occurred. Since biochemical changes in the actual composition of the arterial wall are believed to occur over a period of years, 16 the changes in arterial compliance observed following close to 4 months of training in this study likely occurred through other means. One possibility is that increased pulse pressure and mechanical distension during exercise sessions stretched collagen fibers and modified their cross-linking, resulting in increased arterial compliance. 16 Arterial compliance can also be altered via modulation of sympathetic-adrenergic tone of smooth muscle cells in the arterial wall that has been shown to be preserved below the lesion level in individuals with SCI. 17 It is possible that FES-LCE exercise improved arterial compliance by reducing the chronic suppressive influence of the sympathetic-adrenergic tone either directly or by improving the sympathoinhibitory effect of nitric oxide (NO), an important marker of endothelial health. Endothelial function improves with exercise training in able-bodied individuals. Thus it is somewhat counterintuitive to have research show that with deconditioning flowmediated dilatation (FMD), a method of noninvasively assessing endothelial health, is actually increased in the legs of individuals with SCI and decreases to normal levels with training. 14, 18 It has been suggested that this results from increased shear stress, a strong stimulator of NO release, in the leg vasculature of individuals with SCI, 18 which may increase endothelial nitric oxide synthase (eNOS). With larger arterial diameters following FES-LCE training, 19 shear stress is reduced which may decrease eNOS and FMD while concurrently increasing arterial compliance. The determinants of change in compliance differ between large and small arteries. This may explain why changes in the study participants were not seen in large artery compliance, while an improvement in small artery compliance occurred in all participants. Generally, small artery compliance is considered a better predictor of early CVD as it often shows a decrease before, and to a greater degree than large artery compliance. 11 In large arteries, collagen and elastin are the major determinants of function. 6 In smaller arteries and arterioles, NO released from the endothelium plays a significant role in determining caliber and compliance via its actions on smooth muscle. 6 Therefore, it follows that a reduction in the compliance of the small arteries and arterioles is (in part) the result of endothelial dysfunction. However, recent evidence shows that arterial compliance is not necessarily correlated with endothelial function 20 despite the fact that both arterial compliance 5 and endothelial function 14 decrease with CVD progression. Further research is warranted to investigate the relationship between arterial compliance and endothelial function.
Limitations
We recognize that the small sample size may limit the generalizability of our findings. However, changes in small artery compliance were consistent across all four subjects despite varying lesion levels. The level of change was large, reflecting a true reduction in the risk for vascular dysfunction. A larger sample could enable us to determine the ideal candidate who may have a positive response. We also acknowledge that despite the health benefits of FES-LCE, practical limitations (including cost, increased staffing and potential for adverse responses) may limit its use in rehabilitation settings. Despite these limitations, FES-LCE clearly has the potential to lead to multiple health benefits.
Conclusions
In this investigation we revealed that FES training has the potential to improve significantly the small artery compliance of women with SCI. As reduced small artery compliance has been shown to be an independent risk marker for cardiovascular events, 5 this research has important implications for the long-term cardiovascular health of persons with SCI providing direct support for the utility of FES training in rehabilitation settings. Furthermore, the findings of this study indicate that the assessment of arterial compliance appears to be an important method for the noninvasive, early detection of CVD following SCI.
